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ABSTRACT
It is known that the gravure process provides the best quality printed materials and
the fastest production speed. The gravure process, as a matter of fact, is the only process
which can utilize fully digital imaging technology. For instance, the Helio-Klischograph
Model K201 and K202 incorporated with the Hell Chromacom System can engrave
gravure cylinders directlywithout using any halftone films or bromides.
Hell Co., Ltd., moreover, has been developing the electron beam engraving
technique which employs digital imaging technology to engrave gravure cylinders. On the
other hand, Crosfield Electronics Co., Ltd. introduced the Lasergravure process which also
utilizes digital imaging technology to engrave gravure cylinders. However, these
techniques represent very high costs for gravure printers. Only large companies can afford
such investments .
The gravure process, generally speaking, is the most expensive process, mainly
due to the costs of printing cylinder preparation. To compensate for costly prepress, it is
therefore used for high production runs. This constraint is the main disadvantage of the
gravure process and has caused the gravure market to become smaller than its
competitors web offset and flexography. Research in web offset and flexo has been
successful in developing higher print quality, faster production speed and lower costs.
Therefore, there are some companies which have been developing a method ofmaking
photopolymer-coated cylinders for gravure to reduce, not only the costs of the metal
cylinders and the sophisticated equipment, but also the production time.
The company that provided photopolymer material for this thesis claimed that its
xi
products can be commercially made as gravure cylinders. This photopolymer can be
imaged by a conventional ultraviolet fluorescent lamp. Both the company and the author
agreed that it might be feasible to utilize digital imaging technology to image this
photopolymer.
The author selected the Hell Chromagraph 399 ER Laser Scanner as a digital-
imaging source to image onto this photopolymer. After enormous efforts in the
experiments, the argon ion laser on the Hell 399 ER was not able to image onto this
photopolymer regardless of the laser intensity and the length of the exposure time because
the spectral sensitivity of this photopolymer did notmatch the argon ion laser.
The author, however, conducted further experiments to prove that this photopoly
mer can be imaged by a high-power UV-argon ion laser, but it is, at present, impractical for
gravure printers.
Some recommendations for further studies in this area are suggested.
xu
CHAPTER 1
INTRODUCTION
The ultimate purpose of this thesis is to investigate the use of digital imaging
technology to image photopolymer-coated gravure cylinders. This thesis describes the
study of gravure cell configurations of a photopolymer plastic gravure printing surface
exposed by a laser souce.
Generally speaking, the gravure process has been used in the U.S. for over 90
years. 1 It is a printing process that provides both very high print quality and consistency,
as well as the fastest press production speed for publication and package printing. In fact,
Electronic and computer technologies have made gravure a state-of-the-art printing process.
For instance, the first introduction of the Hell K193 Helio-Klischograph, the
electromechanical engraving machine, showed its remarkable capability and high-quality
engraving twenty years ago. This
"magic"
machine revolutionized the gravure industry and
introduced a new method, halftone gravure or O/G conversion, to the cylinder engraving
process.
Currently, there are two popular methods of cylinder engraving: photomechanical
or chemical etching, and electromechanical or stylus engraving. The conventional method,
chemical etching, can use both continuous tone film and halftone film for cylinder
engraving. This process, however, needs very skilled operators to engrave and correct the
cylinders as needed. Thus, it is a very delicate and time consuming methodwhich leads to
high costs. For this reason, a new method, electromechanical engraving (i.e., engraving
performed by the Helio-Klischograph orOhiomachines) was introduced to reduce the high
cost and production time of cylinder making. This method, which can use both
continuous-tone film as well as halftone film, was quickly adopted worldwide by gravure
printers.
The main advantages ofhalftone gravure are: 1) the ability to ink-on-paper proofs
before the engraving stage or offset press proofing, 2) the use of produce off-press
proofing methods such as produced by Cromalin and Matchprint processes, 3) and most
recently, the use of digital proofing. This means that printers can save on costs as well as
production times. For instance, the man-hour requirements ofphotomechanical cylinder
engraving are 38.5 man-hours per color page (set of 4 cylinders, 24 pages per cylinder)
while the electromechanical cylinder engraving needs only 6.5 to 7 man-hours per color
page.2
The electromechanical cylinder engraving provides satisfactory ultimate results and
reduced production time, but its capital investment is very high. The results, however, still
need volumetric corrections which is about 40% of the total cylinder engraving time. As a
matter of fact, theman-hour requirement of chemical engraving in the correction stage (set
of4 cylinders, 24 pages per cylinder) is 3.8 man-hours per color page, while electrome
chanical engraving merely needs 1 . 1 man-hours per color page.3
Generally speaking, volumetric correction increases (plus correction) or decreases
(minus correction) cell volumes of an image on the gravure printing cylinder. Plus
correction increases ink density of the printed imagewhile minus correction decreases the
ink density of the printed image. After the engraving, color proofing and correction stages,
the engraved cylinder is electrolytically coated with chromium to enhance the durability of
the cylinder to over ten million impressions.
In conclusion, this thesis is a beginning step of studying a feasibility of a new
technique in digital imaging or laser imaging onto a photopolymer surface to reduce the
costs and production time in gravure cylinder preparation, compared to the preparation of
copper cylinderswhich normally utilizes expensive equipment.
Statement of Problem
Today all U.S. publication gravure printers utilize electromechanical cylinder
engraving (compared to about 90 percent ofpublication and commercial gravure printers in
Europe) and nearly 100 percent of it employs the halftone gravure preparation technique.4
Because of the difference of the product designs and complication of the original
copy, the electromechanical engraving technique, generally speaking, is not utilized
in the gravure packaging and specialty markets. To illustrate, in package printing, most
product images are in the form of continuous printing or patterns and multicolored jobs
which often utilize specific inks or colors, up to six or eight colors. Publication gravure on
the other hand is color process work or four-color printing. Gravure cylinders for package
printing frequently require larger cell volumes than those of cylinders for publication
printing, and also involve a variety of sizes of cylinders depending upon the sizes of the
packaging.
Hell introduced the newest product in the Helio-Klischograph family, the K 303, to
fill the need of the packaging market. The K 303 utilizes the most advanced computer
technology in order to respond to the needs of packaging customers. For instance, for
packaging and special product gravure, printers have to print on various substrates, i.e.,
paper board, polyethylene and foil, that require a larger cell volume than that used for
publications. It is possible to get increased cell volume while using the same screen ruling.
This is because the styli on the K 303 have smaller angles than the standard 130-degree
angle. (This is called the "deep-cut" technique.)
Hell, moreover, has claimed that the K 303 meets the highest level of automation,
range ofperformance, and flexibility in packaging as well as in specialty gravure printing.5
Most packaging gravure, however, is still using the chemical imagingmethod, because the
current electromechanical technology has two problems that contribute to unsatisfactory
final results less ink density and jagged edges compared with the chemical imaging
technique.
As mentioned before, gravure cylinders are produced by sophisticated and
expensive equipment. The process, moreover, is very time consuming. For this reason,
some companies are developing a method of imagingwhich should reduce the cost of the
gravure printing cylinder. This involves the use ofa photopolymer material coating on the
cylinders instead ofcopper.
Photopolymers are light sensitive materials; the photopolymerization is caused by
light or electromagnetic energy. Technically, the exposed areas harden and the unex
posed areas remain unchanged.6 Therefore, there should be an optimum exposure for each
type of photopolymer. The wash-out solvent or developer dissolves or removes the
unexposed areas and it leaves the hardened, exposed area in relief.7 Generally speaking,
the developer must be properly matched with each type of photopolymer and have the
proper concentration, wash-out time and temperature.
Technically, the method used for the imaging ofphotopolymer gravure cylinders is
to expose a halftone positive film onto the cylinder. The exposed area (non-image area) will
be hardened and insoluble, but the unexposed area (image area) will remain soluble and
will be washed out by a developer. This stage is similar to the etching or engraving stage
in chemical and electromechanical engraving. Also, there are some factors that affect the
cell structure, e.g., uneven cell walls and cell depth, which are caused by undercut
exposure and inconsistent light intensity.
These factors may lead to unsatisfactory final results, and need some corrections
which are costly and time consuming. To eliminate or reduce these problems, the use of
digital imaging and laser technology is required, so that an engraver will be able to en
grave a precise image directly onto a cylinder. Not only can this method reduce the cost of
halftone positives, but it can eliminate the risk of improper cell structure and correction
work.
Ideally speaking, the theoretical model of the optimum cell is based on the fact that
the cell should have smooth, vertical walls and an even cell bottom. The optimum cell in
this study is calculated from the previous data of the experiments of American Can Co.8,
Sun Printers, Ltd.9 and Interchemical Co. 10 The author, therefore, defined the optimum
cells of the screen ruling 150 lines per inch (lpi) as shown in Table 1.1.
Table 1.1: Theoretical-optimum cell configurations of the screen ruling
150 lpi (square dot)
Image Area Cell Width (um) Cell Depth (um)
Highlight 403 15 3
Upper H.L. 703 203
Middle Tone 954 254
Upper M.T. 125 5 305
Shadow 150 5 355
An example of laser scanners is the Hell Chromagraph 399 ER Laser Scannerwhich
can produce halftone-positive and halftone-negative separation films by employing a
computer- controlled laser light source to expose the photographic emulsion or film without
using any contact screens. The laser light source used in theHell 399 ER is an argon-ion
laserwhich emits awavelength of488 nanometers.11
Some important advantages of the laser light source are that it produces consistent
light intensity and generates hard screen dots onto the film with very little fringe. These
results are desirable for the imaging ofphotopolymer gravure cylinders since the use of
halftone positives is not involved and there are no undercut-exposure effects. The printers
will get more nearly perfect cells with smoother cell walls and larger cell volumes.
Technically, the Hell Chromagraph 399 ER laser scanner generates halftone dots
with the computer-controlled laserwhich turns the light on and off to expose the film. The
laser beam is divided into six beams by optical mirrors. These beams are electro-optically
modulated by signals coming from the screen computer, and fiber optic cables transmit the
light to the recording optic which exposes the dot in the desired size and shape onto the
film. 12 In addition, the Hell 399 ER provides the maximum output at
20"
x
24.5" (5 1 cm
x 62.5 cm).13 This means that it can image only small photopolymer gravure cylinders of
20"
width and
24.5"
circumference.
The use ofa laser scanner to image a photopolymer plastic gravure printing surface is
a new idea. No reports or experiments have been done by this technique, and it would be
very interesting to use the laser scanner to image directly onto a photopolymer gravure
printing surface without using a halftone positive film.
Objectives
The purpose of this thesis is to study the gravure cell structure generated by the Hell
Chromagraph 399 ER Laser Scanner onto a photopolymer gravure printing surface. Other
scanners, such as Crosfield, Didippon Screen and Royal Zenith, were not available when
this thesis was conducted. Two aims of this thesis are as follows:
1. To study the optimum exposure, or light-on- film (LOF), of the laser source (argon
laser). LOF is a relative value of exposure used on the Hell 399 ER.
2. To study how different screen rulings affect the optimum cell depth, cell wall, and
cell volume of the photopolymer plastic gravure printing surface.
Limitations
1. The experiment is limited to a sheet form of the photopolymer plastic gravure
material that is not cylindrical form, because the recording drum of the Hell Chromagraph
399 ER cannot be removed and made to accept a cylinder.
2. Because of the above limitation, it is not practical to make proofs with the manual
gravure proofpress. Because the study is concerned with only the cell configuration of the
photopolymer plastic gravure surface, the evaluations of the experiment are therefore
interpreted bymeans of the geometry of the cells.
Hypothesis
The exposure of the laser source (argon ion laser) onto a photopolymer plastic
gravure printing surface will produce the optimum cell configurations (page 5) acceptable
for a variety ofgravure print applications.
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CHAPTER 2
LITERATURE REVIEW OF DIGITAL IMAGING
TECHNOLOGY UTILIZED IN GRAVURE PROCESS
Imaging technology in the gravure process is now in a period of transition from
conventional methods (chemical etching), and electromechanical engraving to digital or
filmless engraving technology. As a matter of fact, the prominent factors that have led the
gravure process to utilize entirely digital imaging technology are the use of laser and
electron-beam technologies in the printing industry. Laser and electron-beam engraving
techniques do not have limitations in cell shape and engraving speed as do the electro
mechanical engravingmachines.
Theoretically, digital-direct engraving is a gravure cylinder engraving process that
employs the digital information or digitized image data directly from a scanner or a mag
netic disk memory to engrave the gravure printing cylinders without utilizing scanning
heads.1 There are three methods that employ digital information to image the gravure
cylinders. Thesewill now be explained in detail.
1. Electromechanical Engraving Helio-Klischograph
Today there are two brands of the electromechanical engravingmachines employed
in the gravure industry: the Helio-Klischograph and the Ohio Electronic Engraver
machinesmanufactured inWestGermany and the United States respectively.
Harvey George, Executive Vice President of Gravure Association of America
(GAA) cited that 'The electromechanical engraving methodwas introduced in the USA in
the late 1960'sasthe HELL Helio-Klischograph, and it accounts for virturally all publi-
11
cation gravure cylinders produced in North America, and a significant number of
packaging and speciality cylinders. We also have in the packaging area amachine produced
in the United States called the Ohio EngraverMachinewhich is similar to the Helio."2
To explain the fundamental principles of this technique, the author selected the
Helio-Klischograph to describe as following: The Helio-Klischograph employs the
principle mode of operation of optoelectronic scanning, electronic data processing, and
electromagnetic engraving.
This machine, generally speaking, consists of two parts, i.e., a scanning drum and
an engraving drum.3 The original copy, which is produced by the halftone gravure
technique can be either black and white positives or negatives in the form ofhalftone films
or bromides. (A bromide is a black and white opaque photographic print.) In addition, the
Helio-Klischograph model K 201 and K 202 can run directlywith the digital information
and also with the halftone films or bromides.4
From the Helio-Klischograph: Precision Engraving in Copper, it is noted that the
scanning head, which operates in a similarway to a densitometer, illuminates the image dot
or bromide to be scanned and analyzes the original.5 The scanning head reads or records
the tone value in analog form which is then converted into digital information.
This data passes to the engraving amplifier where the image signal and the
oscillation frequency required for constructing the screen are overlaid. This controls the
electromagnetic engraving system which drives the diamond stylus into the copper surface
of the gravure cylinder.
The screen ruling in the circumferential direction is obtained from the surface speed
of the printing cylinder and the oscillation frequency of the engraving stylus. Both are
derived from the oscillations of a quartz generator. The signal from the scanning system
determines how deep the stylus penetrates into the copper surface. The engraving head
engraves the gravure cylinder at a speed of3,600-4,400 cells per second. The cell volume
12
determines the quantity of ink transferred onto the paper or other substrates. The cell shape
enables excellent ink transfer characteristics. In addition, the stable cell walls provide an
excellent support for the doctor blade.
The Helio-Klischograph is not only very accurate in performing the work required,
but it is repeatable without any loss of information. To illustrate, if a repeat engraving is
required forwhatever reason, the operator can rest assured that the register marks will be
exactly in the same position from cylinder to cylinder and that the cell volume will also be
precisely the same.6
Typically, the geometric design of the stylus, which has an engraving speed of
about 4,000 cells per second, has an angle of 130 degrees. This specific stylus design will
provide various screen rulings from 100 up to 350 lines per inch (lpi). (The standard
screen ruling is 150 lpi.) Undoubtedly, the Helio-Klischograph not only offers a variety of
screen rulings but it results in high quality gravure cylinder engraving. Some advantages
of the Helio-Klischograph mentioned by a group ofwell-known European gravure printers
are as follows:7
-Fewer cylinder corrections.
-A shorter preprinting stage.
-Amore stable reproduction process.
After the engraving, color proofing and correction stages, the engraved cylinder is
electrolytically coated with chromium to enhance the durability of the cylinder to over ten
million
impressions.8
2. Direct Laser Engraving Lasergravure
Crosfield Electronics Co., Ltd. has invested much capital and time in the application
of laser technology and polymer science for cylinder
engraving. Crosfield, as a result,
13
introduced the Lasergravure process and has claimed that it is a new era in gravure cylinder
preparation. This technique employs a special plastic called Lasercoat a kind of epoxy
which is coated on either steel-based or copper-plated cylinders.9
The reason why the Lasergravure process cannot engrave the conventional copper
surface is that the laser engraving head carbon dioxide laser (C02) emits a 10.6 micron
beam which reflects on the copper rather than being absorbed. By contrast, the plastic
absorbs this laser beam verywell. 10 .
In addition, Crosfield claims that this technique provides an extremely high speed,
100,000 cells per second per head, and other advantages over conventional and electro
mechanical methods with a redcution in production time, cost and pollution.11 The
Lasergravure process also does not have any problems caused by film, such as undercut
exposure effects in photochemical etching; unbalanced engraving heads and diamond wear
in electromechanical engraving.
Although the Lasergravure technique is based on digital informationwhich offers
very reliable and accurate results in the engraving stage, this system of imaging may
eventually obviate the need tomake corrections. However, at present, it is not practical for
a customer to change or correct the already-approved proof. This is a serious problem for
Crosfield because manual correction is impractical and much time is needed to develop a
practical volumetric correction technique.
3. Electron Beam Engraving EBG
Electron beam technology, another new approach to gravure cylinder imaging,
utilizes digital information. It is based on a very high-energy electron beam which is
generated by a heated cathode and accelerated by an electric field to achieve peak velocity in
the range of light speed. The electron beam is then focused onto the copper cylinder by a
system ofelectromagnetic optics. This procedure converts the kinetic energy of the electron
14
beam into heat and causes high plasma pressure which melts and evaporates the copper
and thus results in various diameters and depths as well as cell configurations in the
cylinders.12
This method was originally experimented in 1960 by the European Rotogravure
Association (ERA) at Batelle Institute, Frankfurt and Technical High School Deflt in the
Netherlands, but it was unsuccessful. Later, about 1972, two German companies (Burda
GmbH and Steigerwald Co., Ltd), proved that the use of the electron beam for gravure
cylinder imaging was feasible. In 1976, the Dr.-Ing. RudolfHell Co., Ltd. first developed
the EBG technology using some existing Steigerwald know-how. Hell has spent much
effort to make the EBG technology reliable and practical in the gravure process. As a
consequence, the EBG machine provides excellent advantages over many methods as
follows:13
-Engraving speeds range from 100,000 to 150,000 cells per second per head
-Screen rulings range from 125 to 250 lines per inch
-Cell volumes are modulated in diameter and depth
-Cells are circularwith a smooth, rounded-off inner surface.
-Cylinder rotation speeds begin from 1 ,000 revolutions per minute (rpm) for large
diameter cylinders and up to 1,800 rpm for small diameter cylinders.
Generally speaking, both Lasergravure and Electron Beam engraving machines
represent the success of the combination ofvery advanced technology in the electro-energy
system as well as in computer technology.14 However, one big disadvantage of these
machines is that only large gravure companies can afford them.
15
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CHAPTER 3
THEORY OF PHOTOPOLYMERS
Extracted from the research work ofDr. Kurt I. Jacobson, Dr. Ralph E. Jacobson1
and Dr. PeterWalker2, the summary of the theory ofphotopolymers can be described as
follows:
Photopolymerization
Photopolymerization is classified into the imaging systems which have basic
principles as depicted in Fig. 3. 1.
PHOTON
I
IMAGING FORMING DEVICE
PHOTO-SENSITIVE PHENOMENON
I
IMAGE PROCESSING AND STABILIZING
Fig. 3.1: Basic Photo-Imaging System
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The imaging systems represent five large groups: photographic, photochemical,
photothermographic, photoelectrographic and photovision, as shown in Fig. 3.2.
Photopolymers are one type of polymers which are the results of the photochemical
reaction of simple molecules called monomers. Unlike thermal polymerization, the process
ofphotopolymerization absorbs light by a photoinitiator to form free radicals which initiate
the polymerization.
Dr. Kurt I. Jacobson and Dr. Ralph E. Jacobson stated that the use of a
photosensitive initiator of this kind constitutes the main difference between polymerization
and photopolymerization processes. Photopolymerization leads to the image-wise
formation of a polymer from monomermolecules, the only difference between the exposed
and the unexposed regions in the photopolymerizable layer being in their physical
properties, namely in solubility, thermal, transitions, tackiness, adhesion, cohesion,
diffusion and light scattering properties. Examples of monomers suitable for
photopolymerization are depicted in Fig. 3.3.
Generally speaking, the fundamental principle of photopolymerization is the
absorption of radiation between 300-700 nm depending upon a spectral sensitizer and the
formation of an excited species (I*) which generates a polymerization-initiating free radical
(R.). In 1970, Walker, Webers and Thommes introduced the reaction sequence of photo
polymerization as following:3
The sensitizer S absorbs radiation and forms an excited species:
S+hU S*
Energy is transferred to an initiator:
S*+I S+I*
The initiatormay also be excited directly if it efficiendy absorbs the radiation used:
I + hu I*
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General formula: H R
/ \
H R'
Acrylic acid H H
/ \
H C OH
Barium acrylate:
Acrylonitrilc
Methylmethacrylate
Styrene
Ba
H
V
/
H
CH3
=C
C0CH3
II
0
H
/
H
H
FIG. 3.3: Examples ofMonomers Suitable for Photopolymerization
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The excited initiator may then direcdy form two radicals by cleavage of the molecule:
I* R'. + R".
or it may react through bimolecular collision with an electron or hydrogen donor, RH:
I* + RH IH. + R.
After initiating free radicals have been generated, an amplification step starts
forming polymerization. The higher the efficiency of the reaction the lower the energy
requirement. The typical process can be described as follows:
R. + nM RM. + (n-l)M (Initiation)
M = Monomer
RM. + (n-l)M RM2. + (n-2)M (Propagation)
RM2. + (n-l)M RM3. + (n-3)M (Propagation)
RMm. + (n-m)M (Propagation)
RMm. + R'H RMmH + R'. (Chain Transfer)
2RMm. RMmHMmR (Termination)
In the termination step, the chain propagation is ceased by interaction of two chains
as shown above, or by hydrogenation and dehydrogenation or so called disproportionation
of the chains:
2R-CH2-CH2. R-CH=CH2 + R-CH2-CH3
Any reaction which can remove the reactive free radicals in the propagation step will
terminate the reaction, as amatter of fact.
Oxygen is a typical compound which, if present, can remove the chains carriers.
This means that the oxygen can limit or inhibit the photopolymerization:
RMm. +O2 RMmOO (Inactive)
Or
23
RMm. + Inhibitor Inactive Products
Photo-Initiation
The role of the free radical for photo-imaging polymerimerization is that ofa short
lived catalyst which could be compared to the latent image in silver halide photography.
However, in polymerization this is only a transient image which immediately reacts to
propagate a polymer chain. The polymer image resulting from the reaction of the "radical
image" differs from the latent silver image in that it is already amplified.
It is normally invisible, but can be read out by a suitable method without further
amplification. The chain reaction can thus be compared to the amplification step by
developing the silver image in photography. Some examples ofphotointiators are shown in
Table 3.1.
Table 3.1: Photoinitiators
Class of Photoinitiator Sensitivity Range (nm) Example
Carbonyl Compounds
Azo Compounds
Organic Sulphur Compounds
Redox Systems
Halogen Compounds
Dye Sensitization
360-420 Benzoin
340- 400 Azoisobutyronitrile
280- 400 Diphenylsulphide
Ferrous Complex/Peroxide
300- 400 SilverHalide, Carbon
Tetrabromide
400- 700 Methylene Blue/Ascorbic Acid,
Methylene Blue/p-toluene-
Sulphinate
24
Characteristics of Photopolymer Systems
As mentioned before, photopolymerization is a chain reaction in which the
monomerM is converted to a polymer (M)n:
nM+hu (MX,
From the research ofMiller, Margerum, Rust andWalker, some prominent charac
teristics of photopolymers should be considered:
1. Sensitivity and Spectral Response
Photopolymers are very low-sensitive materials (approximately 10*5 times of the
sensitivity of silver halide system), as depicted in Table 3.2.
Table 3.2: Photographic Speeds ofVarious Imaging Systems
Process Absolute Speed (ergs/cm2)-1
Silver Halide (high speed) 2.0 x 1 0"2
Silver Halide (medium speed) 10
Electrophotography 1
"Dry Silver" (3M)
10"2
Photopolymers 10"2-10-6
Photochromism 10"5 - 10"6
Diazo andVesicular (Kalvar) 10"5 - 10'8
Increasing the sensitivity ofa photopolymer can be accomplished by increasing the
amount ofpolymer formed per incident photo and/or increasing the visibility of the polymer
25
which is formed. In fact, it has been proven that an increase in sensitivity determined as
ASA speed can be approximately increased from 10"6 to lO-2.
In addition, photopolymers are poor in responding to low or high intensity light
called reciprocity failure ( see Glossaries). The sensitivities ofphotopolymers range from
ultraviolet to visible light as shown in Table 3.3.
Generally speaking, the majority of photopolymers are sensitive to ultraviolet
(350nm). One advantage of this characteristic is that a darkroom is not required in
processing, but a short-wave-ultraviolet light source is required.
2. Photographic Characteristics and Properties
Similar to other photographic materials, photopolymers exhibit resolution and
Dmax> Dmin and contrast. Most photopolymers exhibit high resolution and contrast.
Theoretically speaking, the photopolymer properties, i.e., durability, insolubility and
flexibility, are dependent on their types ofmonomers and degree ofphotopolymerization. It
is recommended that suitable monomers are used in order to obtain desired properties.
3. Readout methods
The methods of image readout involve physical differences between exposed and
unexposed regions of the polymer layer distinguished by solubility, thermal transitions,
tackiness, adhesion, cohesion, diffusion and light scattering.
Some examples of the applications ofphotopolymers are described in Table 3.4.
26
u
u
d
u
a
o
o ^O P- oo ON ^
a
u
CO
>>
C/3
M
a
bO
a
o
JS
Ph
u
10
fl
u
V3
u
u
0.
u
ca
H
ca
N /-s
s as a
u u
cn bo
IJ
o
u
a
>
^
3 a
a -S
u
9 04
*
O
o
5-
*
*
*
o
o
-
oo
2 o
*
*
o
*
*
o
o
s
o
oo
o
V
o
o
1
o
CN
V
i
OO
>*
I
m
*
u
s
3 ^
2 bO
g
ca
bo
fl
a a
h m u
* sflu o
g
ca
I
o
u
"ca
3
CJ
ca
u
5
N
1
U
ft
a
i
j
u
e
on
s
00
U
o
o
a
o^
N
+*
e
O
a.
u
>>
e
o
ca
fl
U
U
U
>3 * JSJ^ ** r^l
CO
>>
c
o
.fl
W4
+*
ft
g o
2 1
2^ v i
t> N to
u
w Ph
s
CO
s
I
Ph
u
1
I"
ca a
ft*2 *5
T3 O O
ec
So .8 .8
fl . .t*
JU -T3 -O
4) t3 *0
> ca ca
ca u <o
a >. >>
*
*
27
Table 3.4: Applications of Photopolymers
Physical Readout Image Product Application Referen
Property Examples
Solubility Wash-off Relief Tilon
Nyloprint
Dycril
Letterpress Printing 11
12
13
Hydrophilic/ Lydel Lithography
Hydrophobic
Surface
Self-Supporting Templex FluidAmplifiers 14
Polymer Templates
Etching Resist KPR, KMER Printed Circuits, 15
KTFR, KOR , Chemical Milling & 16
Riston & Integrated Circuits 17
Photozid
Adhesion Peel-Apart Black Pigment Crolux Engineering
Reproduction
18
Tackiness Dust-On Pigment Custom Toning
Film
Imaging Transfer
Color Proofing
19
Viscosity Diffusion Dye Imbibition
Color Formation
Imaging Color
Prints
20
Thermal
Transitions
Thermal
Transfer
Pigment Imaging 21
22,23
Conductivity Electrolysis Pigment
&Wash-Off
Imaging 24
Light Scatter Projection Diffusion
Scatter
Holography
Imaging
25
26,27
28
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CHAPTER 4
RESEARCH METHODOLOGY
Materials Needed
1. Photopolymerplastic gravure sheets
2. Gray scale tablet or stepwedge
3. Wash-out solution
4. B/W film
5. Photographic papers & developer
Equipment Needed
1. Hell Chromagraph 399 ER Laser Scanner
2. Gravure video microscrope
3. Microscope (depth reading)
4. Scanning electron microscope
Experimental Procedures
1. Employ the use of the Hell Chromagraph 399 ER Laser Scanner to scan a
continuous tone gray scale tablet on the scanning unit, and the photopolymer gravure
printing surface will be exposed by the argon laser on the output unit.1
2. Measure the cell depths, cell lands and the cell widths of the photopolymer cells
(as well as their photographs taken by a scanning electron microscope), and calculate the
cell ratio by utilizing the gravure video microscope andmicroscope (depth reading).2
32
Data Analysis
The data analysis will consist of comparing the cell depths, cell widths, cell walls,
cell ratios and cell volumes of the photopolymer plastic gravure printing surface with the
theoretical model ofoptimum gravure cells.3
33
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CHAPTER 5
RESULTS
According to the information of the company which provided photopolymer
samples for this project, the spectral response of the photopolymer might be around 450
nm. In addition, this photopolymer can be imaged with a conventional ultraviolet
fluorescent lamp, i.e. Sylvania Black Light (BL) Fluorescent Lamp which has emitting
range from 3 10 nm to 400 nm as depicted in Fig. 5. 1.1 Both the company and the author
agreed that there would be a possibility to image the photopolymer by using an argon ion
laser of the Hell Chromagraph 399 ER Laser Scanner.
The argon ion laser emits a wavelength at 488 nm, as a matter of fact. The author
thus designed a special test target for this experiment as depicted in Fig.5.2. This test
target is used to test the image resolution aswell as cell configurations in different patterns,
i.e. vertical, horizontal, 45-diagonal and circular lines which have line widths as follows:
200 um, 400 um, 740 um and 1 100 um.
The author was not able to employ this target test, because the photopolymer
material was not sensitive to the argon ion laser at 488 nm no matter how great the
intensity. The author tried another technique by multi-exposing up to 10 times at the full
power (250 LOF) without using a neutral density filter. The result was the same there
was no image on the photopolymer.
After discussing this problem with many professors of thr School of Printing
Management and Sciences, School ofPhotography, Center for Imaging Science, and the
College of Science, Center forMaterial Science and Engineering, there are two possible
solutions to this problem:
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NANOMETERS
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Fig. 5.1: Energy Distribution of Sylvania F40 BL Black Light
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Fig. 5.2: Test Target for Photopolymer Gravure Laser Imaging
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1. Change the spectral response of the photopolymer in the range of450 nm
to 500 nm. Or
2. Employ a high-power ultraviolet laser to image this photopolymer.
The author adopted both methods to solve this constraint, and performed further
experiments as follows:
1. Since this photopolymer is patent pending, the author was not able to modify or
change the sensitizer of this photopolymer. The author, however, determined the spectral
response of this photopolymer by employing double-beam UWVisible Spectrophotometer,
LAMBDA 4B, as shown in Fig. 5.3 and Fig. 5.4 (see Appendix B).
Furthermore, the absorbance of this photopolymer, as depicted in Table 5. 1, shows
the major absorbance (91.7%) and minor absorbance (4.0%) are in the 240-250 nm and
320-350 nm regions respectively. There is no significant absorption signal beyond 400 nm
(nearly zero absorbance). Theoretically speaking, this photopolymer is not sensitive to
visible light and infrared wavelengths(400-900 nm).
Table 5.1: Absorbance of Photopolymer
Wavelength (nm) Absorbance % Absorbance
190 0.220 7.3
200 0.315 10.5
210 0.770 25.7
220 0.990 33.0
230 1.850 61.7
240 2.900 96.7
250 2.600 86.7
260 1.780 59.3
39
Wavelength (nm)
270
280
290
300
310
320
330
340
350
360
370
380
390
400
2. According to the spectral response in Fig. 5.3, Fig. 5.4 and the data in Table
5.1, has been proven that the argon ion laser on the Hell 399 ER will not image this
photopolymer no matter howmuch the intensity and how long the exposure time are. The
use of a high-power ultraviolet laser, however, might image this photopolymer. The
reason is that the output wavelength of the high-power ultraviolet lasermatches the spectral
response of this photopolymer, while the visible argon ion laser on the Hell 399 ER does
not. Table 5.2 shows some commercially available lasers and their prominent parameters.
From Table 2, only the UV-argon laser, which emits a 351 micron beam, is
feasible for imaging this photopolymer.
>rbance % Absorbance
1.160 38.7
0.540 18.0
0.290 9.7
0.123 4.1
-0.043
0.175 5.8
0.111 3.7
0.103 3.4
0.095 3.2
0.078 2.6
0.051 1.7
0.041 1.4
0.035 1.2
0.023 0.8
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To prove the feasibility of utilizing a UV-argon ion laser for the imaging of this
photopolymer, the authormade further experiments at the Laser Laboratory ofUniversity
ofRochesterwhich is one of the most sophisticated laser laboratories in the U.S. The laser
used in this experiment is a very high power UV-argon-ion laser, Spectra- Physics High
Power Ion Laser Model 2035operated at multiline mode from 333.6 nm to 363.8 nm
(see Appendix C). The results are described as following:
Experiment 1 Laser intensity == 100 mWatts/cm2
Laser-spot diameter = 0.3 cm
Exposure Time Image Diameter Exposure Units
(seconds) (cm) (mWatts x sec/cm2)
1/1000 0.10
1/250 0.40
1/60 1.67
1/8 0.10 12.50
1/2 0.20 50.00
8 0.25 800.00
30 0.30 3,000.00
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Experiment 2 Laser intensity == 500 mWatts/cm2
Laser-spot diameter = 0.3 cm
Exposure Time Image Diameter Exposure Unit
(seconds) (cm) (mWatts x sec/cm2)
1/1000 0.50
1/250 2.00
1/60 0.15 8.33
1/8 0.20 62.50
1/2 0.25 250.00
8 0.35 4,000.00
30 0.40 15,000.00
Experiment 3 Laser intensity = 1,000mWatts/cnv>
Laser-spot diameter = 0.3 cm
Exposure Time Image Diameter Exp<jsure Unit
(seconds) (cm) (mWatts x sec/cm2)
1/1000 1.00
1/250 0.10 4.00
1/60 0.15 16.67
1/8 0.20 125.00
1/2 0.25 500.00
8 0.30 8,000.00
30 0.40 30,000.00
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The data of the Experiment 1, 2 and 3 can be interpreted as follows:
1 .The High Power Ion Laser can image onto this photopolymer.
2 The laser-spot diameter decreases as the exposure time decreases.
3. At the same exposure time, the more laser intensity the larger the image.
4. The exactminimum-energy for recording the image cannot be determined due to
the limitation of the equipment used in these experiments. However, it is quite sure that the
minimum energy requirement of this photopolymer ismuch greater than 1 ,000 mJ/cm2:
From the results of the Experiment 1, 2 and 3, the exposure units determined as
minimum-energy for recording of this photpolymer can be approximately computed from
the imagewhose diameter is equal to the laser-spot diameter as following:
Experiment 1: Theminimum-energy for recording image
= 100 mWatts /cm2 x 30 sec.
= 3,000 mWatts x sec. /cm2
= 3,000 mJ/cm2
Experiment 2: Theminimum-energy for recording image
= 500 mWatts /cm2 x 4 sec.
= 2,000 mWatts x sec. /cm2
= 2,000 mJ/cm2
Experiment 3: Theminimum-energy for recording image
= 1,000 mWatts /cm2 x 8 sec.
= 8,000 mWatts x sec. /cm2
= 8,000 mJ/cm2
The approximated minmum-energy for recording image
=
= 3,000 + 2,000/2 mJ/cm2
= 2,500 mJ/cm2
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Note: The result of the Experiment 3 is not used for this calculation since the resultwould
be expected to be less than those ofExperiments 1 and 2. This inconsistency is probably
caused by the uneven thickness of the photopolymer emulsion and/or the processing in the
wash-out step.
According to the research ofDr. Kurt I. Jacobson and Dr. Ralph E. Jacobson, the
minimum energy for recording images needed for photopolymerization is 60 mJ/cm2 as
shown in Table 5.3. Generally, this photopolymer requires the energy of more than 40
times that ofstandard photopolymers.
5. From the data, the minimum-energy needed for recording images with this
photopolymer is 2,500 mJ/cm2at 333.6 - 363.8 nm region. Theoretically speaking, the
minimum-energy requirement should be much less than this, if the author employs a laser
which can emit wavelengths to match the major absorbance (91.7%) of this photo
polymer 240 nm to 250 nm while the 320 - 350 nm region is merely 4.0% absorbance.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS
As mentioned before, the hypothesis of this study is the exposure of the laser
source (argon ion laser) onto a photopolymer plastic gravure printing surface will produce
the optimum cell configurations (page 5) acceptable for a variety of gravure print
applications. Although the results of the experiments show that the UV-argon ion laser
can image this photopolymer, it is impossible to do this with digital imaging on the Hell
Chromagraph 399 ER Laser Scanner. This is because the photopolymer has very low light
sensitivity and consumes a lot of energy for imaging. To confirm this conclusion, the
authorwould like to explain as following:
1. Laser Power
Generally speaking, the minimum energy for imaging ofphotopolymers is much
greater than conventional film, i.e., a scanner film, around 250,000,000 - 300,000,000
times (see Table 5.3). Stated another way, the laser power or laser intensity needed for
exposing this photopolymer is much greater than one found on a typical color scanner. For
instance, a Hell DC 300 Laser Scanner can provide the maximum laser intensity at 100
uWatts or 0.00001 Watl/cm2 as depicted in Table 6.1. (see Appedix D), while this
photopolymer requires theminimum laser intensity 2,500,000 UWatts/cm2.
Therefore, this photopolymer requires a laser scannerwhich can offer the laser
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Table 6.1: LOF vs. Laser Intensity on HELL DC-300
(Eastman Kodak CO.)
LIGHT ON FILM LASER INTENSITY
(LOF) (microWatts / sq.cm)
66.00 6.55
100.00 10.07
150.00 14.82
200.00 20.80
250.00 25.20
300.00 30.30
350.00 34.60
400.00 39.20
450.00 45.10
500.00 47.30
550.00 53.20
600.00 59.00
653.00 61.50
700.00 60.10
750.00 69.60
800.00 75.70
850.00 77.30
900.00 87.80
950.00 89.80
1000.00 95.80
1050.00 100.00
1070.00 100.00
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intensity at least 2,500,000/100 or 25,000 times higher than one on the Hell DC 300 or
Hell Chromagraph 399 ER.
2. Exposure Time
As mentioned before, the exact exposure time (on a high-power UV-argon ion
laser) of this photopolymer cannot be determined. However, assume that the shortest
exposure time that might be achieved in the experiments is 1/1 ,000 second. Thismeans that
every single dot of an image on this photopolymer requires an exposure time at least
1/1,000 second. If the author wants to scan an image 10 inches x 10 inches with a the
screen ruling of 150 lines per inch, the amount ofdots of the final image are:
150 x 10 x 150 x 10 = 2,250,000 dots.
Therefore, the total exposure time of this photopolymer is
2,250,000 x 1/1,000 = 2,250 seconds
= 37.50 minutes.
This exposure time is too long for practical imaging. But if the exposure time of
every single dot is 1/10,000 second, the total exposure time will be:
2,250,000 x 1/10,000 = 225 seconds
= 3.75 minutes.
This is much more practical for the gravure industry.
To sum up, the feasibility ofutilizing the Hell Chromagraph 399 ER Laser Scanner
to image this photopolymer is impossible. If it is possible to employ a high-power
UV-
argon ion laser for digital imaging this photopolymer, it might be too expensive and
impractical for the gravure industry.
51
RECOMMENDATIONS
It may be of interest to anyone interested in digital imaging with a laser scanner
onto photopolymers to consider these problems before performing further studies.
Generally speaking, in the design of a practical imaging system based on photopoly
merization, the following suggestions should be considered:
1. Select a proper photoinitiatior that can be activated by a typical laser scanner.
(Rapid scanning produces instantaneous point exposure of200 - 300 useconds. Therefore,
high-intensity reciprocity effects must be considered.)
2. Choose a suitable monomer whose spectral sensitivity canmatch verywell with
a typical laser scanner to provide the best propagation /termination ratio.
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GLOSSARY
Reciprocity
Most photographic materials make equal responses to a wide range of reciprocity
exposures those that give equal amounts ofexposure because their time and light quantity
factors are equivalent although different. For example, f/8 at 1/125 sec, f/1 1 at 1/60 sec.
and f/5.6 at 1/250 sec. are reciprocal, or equal, exposure settings. Compared to the first
exposure, the second reduces the light by one-halfbut doubles the time; the third doubles
the light but halves the time. However, beyond a certain point one that varies according to
conditions and the emulsion used there is a failure of reciprocity.
Although the emulsion receives an exposure that is mathematically equal to another,
it does not respond to create a latent image of equivalent strength or permanence. This
reciprocity effect most often occurs with long exposure to low intensity light. Color films
other than those with type L (long-exposure) emulsions may exhibit reciprocity effect with
exposure of 1/10 sec. or longer. Some black-and-white films show the effect at 1 sec,
most begin to show it with 10 sec. and longer exposures. Manufacturers publish
reciprocity compensation data for their films. In color, additional exposure and perhaps
some corrective filtration is required; in black-and-white, increased exposure and perhaps
increased development is required.
The reciprocity effect can also occur with extremely short exposure and very bright
light. Sufficient conditions seldom arise in ordinary photographic situations, but they may
be encountered in high-speed and stroboscopic photography.
(Extracted from the International Center ofPhotography: Encyclopedia ofPhotography, A Pound Press
Book /Crown Publishers, Inc. New York, 1984, pp.422-423)
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APPENDIX A
THEORY OF LASER
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Theory of Laser
Emission and Absorption of Light
Laser is an acronym derived from "light amplification by stimulated emission of
radiation."Thermal radiators, such as the sun, scatter light in all directions, the individual
photons having no definite relationship with one another. But because the laser is an
oscillating amplifier of light, and because its output comprises photons that are identical in
phase, direction and amplitude, it is unique among light sources. Its output beam is
singularly directional, intense, monochramatic and coherent.
Radiant emission and absorption take placewithin the atomic or molecular structure
ofmaterials. The contemporary model ofatomic structure describes an electrically neutral
system composed of a nucleus with one or more electrons bound to it. Each electron
occupies a distinct orbital that represents the probability of finding the electron at a given
position relative to the nucleus. Each orbital has a characteristic shape that is defined by the
radial and angular dependence of that probability, e. g., all
"s"
orbitals are spherical, and all
"p"
orbitals surround the x, y and z axes of the nucleus in a double-lobed configuration as
depicted in Fig. Al.
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Fig . A 1 : Electrons occupy distinct orbitals defined by the probability of finding an
electron at a given position, the shape of the orbital being determined by the
radial and angular dependence of the probability.
The energy ofan electron is determined by the orbital that it occupies, and the over
all energy of an atom its energy level depends on the distribution of its electrons
throughout the available orbitals. Each atom has an array ofenergy levels: the level with the
lowest possible energy is called the ground state, and higher energy levels are excited
states. If an atom is in its ground state, it will stay there until it is excited by an external
source.
Movement from one energy level to another a transition happens when the atom
either absorbs or emits energy. Upward transitions can be caused by collision with a free
electron or an excited atom, and transition in both directions occur as a result of interaction
with a photon of light. Consider a transition from a lower levelwhose energy content is Ei
to a higher one with energy E2. It will only occur if the energy of the incident photon
matches the energy difference between levels, i.e.,
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hu = E2-E!
where h is Planck's constant, and u is the frequency of the photon.
Likewise, when an atom excited to E2 decays to E1( it loses energy equal to E2 -
Ei. Because its tendency is toward the lower energy state, the atom may decay
spontaneously, emitting a photon with energy hu and frequency as following:
u= (E2 - Ei)/h
Spontaneous decay can also occur without emission of a photon, the lost energy
taking another from, e.g., transfer of kinetic energy by collision with another atom. An
atom excited to E2 can also be stimulated to decay to Ei by interacting with a photon of
frequency u, shedding energy in the form of an additional photon that is identical to the
incident one in phase, frequency and direction. By contrast, spontaneous emission
produces photons that have no directional or phase relationshipwith one another.
A laser is designed to take advantage of absorption and both spontaneous and
stimulated emission phenomena, using them to create conditions favorable to light
amplification. The following paragraphs describe these conditions.
Population Inversion
The absorption coefficient at a given frequency is the difference between the rates of
emission and absorption at that frequency. It can be shown that the rate of excitation from
Ei to E2 is proportional to both the number of atoms in the lower lever (Ni) and the
transition probability. Similarly, the rate of stimulated emission is proportional to the
population of the upper level (N2) and the transition probability.
Moreover, the transition probability depends on the flux of the incident wave and a
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characteristic of the transition called its "cross section". It can also be shown that the
transition cross section is the same regardless of direction. Therefore, the absorption
coefficient depends only on the difference between the populations involved, Nj, N2 as
well as the flux of the incident wave.
When a material is at thermal equilibrium, a Boltzmann distribution of its atoms
over the array of available energy levels exists with nearly all atoms in the ground state.
Since the rate of absorption of all frequencies exceeds that of emission, the absorption
coefficient at any frequency is positive.
Ifenough light of frequency u is supplied, the populations can be shifted until N2 =
Nj. Under these conditions the rates of absorption and stimulated emission are equal, and
the absorption coefficient at frequency u is zero. If the transition scheme is limited to two
energy levels, it is impossible to drive the populations involved beyond equality; that is, N2
can never exceed Ni because every upward transition is matched by one in the opposite
direction. However, if three or more energy levels are employed, and if their relationship
satisfies certain requirements described below, additional excitation can create a population
inversion, in which N2 > Nj.
A model four-level laser transition scheme is depicted in Fig. 2A. A photon of
frequency excitesor "pumps"an atom from Ei to E4. If the E4 to E3 transition
probability is greater than that ofE4 to Ei, and ifE4 is unstable, the atom will decay almost
immediately to E3. If atoms that occupy E3 have a relatively long lifetime, the population
will grow rapidly as excited atoms cascade from above. The E3 atom will eventually decay
to E2, emitting a photon of frequency u2.
Finally, ifE2 is unstable, its atoms will rapidly return to ground state, E^ keeping
the population of E2 small and reducing the rate of absorption of u2. In this way the
population of E3 is kept large and that ofE2 remains low, thus establishing a
population
inversion between E3 and E2. Under these conditions, the absorption coefficient at u2
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becomes negative. Light is amplified as it passes through the material, which is now called
an "activemedium"the greater the population inversion, the greater the gain.
?
JL
Visible Laser Transition
(a)
Pumping Transition
Ionizing Transition
Fig. 2A: A typical four-level laser transition schema (a) compared to that ofvisible
argon (b). One electron collision ionizes neutral argon, and a second pumps
the ion to an excited state.
A four-level scheme, like that described above, has a distinct advantage over three-
level systems, in which Ei is both the origin of the pumping transition and terminus of the
lasing transition. In the four-level arrangement, the first atom that is pumped contributes to
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the population inversion, while over halfof the atoms must be pumped from Ei before an
inversion is established in the three-level system.
In commercial laser designs the source of excitation energy is usually optical or
electrical: arc lamps are often employed to pump solid-state lasers; the output of laser can be
used to pump another, e.g., a liquid dye laser is often pumped by an ion laser; and an
electric discharge is generally used to excite gasseousmedia like argon or krypton.
Argon as as Excitation Medium
The properties ofargon are probably the best understood ofall the ionized gas laser
media. Its transition scheme is compared to the model in Fig. 2A, and its visible energy
level diagrams depicted in Fig. 3A. The neutral atom is pumped to the 4p energy level
the origin of the lasing transition by two collisions with electrons.
The first ionizes the atom, and the second excites the ion from its ground state (Ei)
either directly to the 4p energy level (E3) or to E, from which it cascades almost
immediately to 4p. The 4p ions will eventually decay to 4s (E2), emitting a photon either
spontaneously orwhen stimulated to do so by a photon of equivalent energy.
Thewavelength of the photon depends on the specific energy levels involved, but it
will be between 400 and 600 nm. The ion decays spontaneously from 4s to the ionic
ground state, emitting a photon in the vacuum ultraviolet about 74 nm as it leaves the
lower level of the lasing transition.
The population in the ionic ground state at any given time is small. Recombination
processes return ions to the neutral atom energy level scheme; therefore, there is no
tendency toward a self-absorption "bottleneck", a population build in the lower laser levels.
The existence ofa limited number oflower states for a large number ofvisible laser
transitions suggests that strong competition between lineswith common lower levels may
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exist. Such competition would manifest itselfas improved performance for a given line
during single-line operation, compared to its strength when all lines are present. Although
competition exists, its effect is minor, and single-line operation improves the power of
principal lines by less than 10%. Therefore, the use ofa prism or other dispersing element
in continuous-wave argon ion lasers is not necessarily advantageous, except in single-line
applications.
1/2
4p2S
4s 2P
4p4D0
Fig. 3A: Energy levels ofthe4p-4s argon ion laser transitions.
Ion laser gain is directly affected by several factors including
discharge current
density, magnetic field, and gas
pressure, since two collisions with free electrons are
required to pump an argon atom to
the upper level ofvisible lasing transitions, the gain of
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the medium varies as the square of the current density. Below saturation, the multimode,
all-lines output ofan ion laser can be expressed as
P-1J2V
where P is the output power, J is the current density (A/cm2), V is the volume of the active
medium, and k is a constant.
Visible output saturates at a current density ofabout 800 A/cm2, while ultraviolet
transitions require even higher current densities (see Fig. 6A).
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Fig. 4A: Relative output power behavior of singly and doubly ionized argon transitions
UV radiation is a product of transitions between excited states of doubly ionizes
argon (Ar++), the ground state ofwhich is about 43 eV above that of the neutral atom. By
comparisons the ground state ofsingly ionized (Ar+) is only about 16 eV above the neutral
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atom ground state. So two electron collisions, or a single collision with an extremely
energetic electron, are required to move between the Ar+ and Ar++ ground states. If the
current density exceeds the saturation point of visible transitions the additional energy
drives argon ions to the doubly ionized state: UV output appears to rise exponentiallywith
current density to a point beyond the design limit ofavailable exciters.
A magnetic field that envelops the plasma enhances the population inversion. It
tends to force free electrons toward the center of the plasma tube bore, thereby increasing
the probability of a pumping collision. Unfortunately, the magnetic field also causes
Zeeman splitting of the laser lines, which elliptically polarizes the output, causing partial
loss at the polarization-sensitive plasma tubewindows.
Susceptibility to the Zeeman effect varies from line to line, and there is an optimum
magnetic field strength for each, for example, the gain ofmost argon visible lines rises with
magnetic field to a limit ofabout 1200 G, then it rolls over (see Fig. 4A).
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Similarly, the gain of argon ultraviolet lines continues to rise as the magnetic field
exceeds the practical limit of laser solenoids, about 2000 G (see Fig. 5A). On the other
hand, some krypton lines show a marked sensitivity to magnetic field, so it must be
adjusted for optimum performance for eachwavelength.
360r
"0 480 960 1440 1920 2400 2880
MAGNETIC FIELD
Fig. 6A: Argon ultraviolet output power vs. magnetic
Ion laser gain is also strongly dependent on gas pressure.
For example, argon
ultraviolet output is highest at low pressure. Reducing the number of argon atoms
increases
the time between collisions with free electrons,
which increases the average electron
energy. This creates conditions favorable to the high energy
collisions required to excite
argon ions to the
Ar++ ground state. Other lines respond better at higher pressures.
Pressure dependence also requires uniformity
of pressure distribution along the
length of the discharge. Some krypton lines
are especially sensitive to pressure distribution,
and at a given discharge current theymay
exhibit gain at certain pressures and loss at others
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(see Fig. 7A). If the pressure distribution is uneven, regions ofgain and loss may compete
with one another causing noisy, unstable performance. Ifpressure-balanced design of the
new generation of Spectra-Physics metal/ceramic plasma tubes brings unprecedented
stability to ion lasers.
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KRYPTON PRESSURE IN TORR
Fig. 7A: Pressure dependence of small signal gain for krypton at 50 A (800 A/cm2)
The Resonant Optical Cavity
A resonant optical cavity, which is defined by twomirror, provides feedback to the
active medium. Photons that are emitted parallel to the cavity axis are reflected, returning to
interact with other excited ions. Stimulated emission produces produces two photons of
equal energy, phase and direction from each interaction. The two become four, four
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become eight, and the numbers continue to increase geometrically until an equilibrium
between excitation and emission is reached.
Both mirrors are coated to reflect the wavelength, orwavelengths, of interest while
transmitting all others. One of the mirrors the output couplertransmits a fraction of the
energy that is storedwithin the cavity, and the escaping radiation becomes the output beam
of the laser.
For broadband or "all-lines" operation, the mirrors reflect a number of lines
within a limited wavelength range (about 70 nm maximum). Several sets ofbroadband
optics are available to cover different group of laser lines.
Adding a prism to the cavity limits oscillation to a single line. The dispersion of the
prism allows only one line to be perfectly aligned with the high reflector, so the tilt of the
prism determineswhich linewill oscillate.
The laser oscillates within a narrow range of frequencies around the transition
frequency. The width of the frequency distribution the "linewidth" and its amplitude
depend on the gain medium, its temperature and themagnitude of the population inversion.
Linewidth is determined by plotting the gain of each frequency andmeasuring the width of
the curve where the gain has fallen to one-halfmaximum (full width at halfmaximum, see
Fig. 8A).
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FREQUENCY
Fig. 8A: Frequency distribution of longitudinal modes for a single line
Line broadening depends on the relative velocities of the excited ions as they
radiate. If the ion is stationary at the time of stimulated emission, the product photons will
possess exactly the transition frequency. If the ion is moving toward the stimulating
photon, the resultant frequencywill be higher than that of the transition; likewise, if the ion
is moving away, the frequencywill be lower.
The output of the laser is discontinuous within this Doppler broadened line
profile. A standing wave propagates within the optical cavity and any frequency that
satisfies the resonance condition
um = mc/2L
will oscillate. Um is the frequency, c is the speed of light, L is the optical cavity length and
m is an integer. Thus, the output of a given line is a set of discrete frequencies called
"longitudinalmodes"spaced such that
Au = c/2L
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Fig. 9A: Etalon lossminimum tuned to laser gain maximum
An etalon, which is a frequency-selecting element, must be inserted in the cavity in
order to isolate lasing to a single longitudinal mode. Some lasers, i.e., Spectra-Physics,
utilize an optional Fabry-Perot intererometer that acts as a bandpass filter, introducing
enough loss in all other modes to prevent them from reaching the lasing threshold as
depicted in Fig. 9A. The coherence length the distance over which the output beam
maintains a fixed phase relationship is inversely proportional to the linewidth:
lc = c/Au
When the laser output is changed from single line to single frequency, the
coherence length increases enormously. If the linewidth is reduced from 6 Hz (single-line)
to about 3 MHz (single-frequency), the coherence length increases from 50 mm to 20m.
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Resonator Structural Considerations
The stability of the oscillating frequency depends on the design of the resonator
structure. Small changes in cavity length, which have several sources including temperature
changes and mechanical shifts, will cause corresponding changes in the resonant
frequency. Cavity length changes due to temperature can be expressed as
AL = aLAT
where L is the cavity length, a is the thermal expansion coefficient of the resonator
structure and AT is temperature change. In order to eliminate frequency drift either a or AT
must be zero.
The choice ofmaterials affects the length stability of the structure. The ideal material
has both a low thermal expansion coefficient and a high ability to distribute heat evenly,
causing a constantAT along the length of the structure.
Graphite composite, such as that used in the model 2030 resonator, has the lowest
thermal expansion coefficient of any currently used structural material. Since its coefficient
is also negative, the thermal compensation system of the resonator structure can be kept
simple. The negative expansion of the graphite rods offsets the positive expansion of the
metal parts, so the net change remains near zero over awide range of temperatures.
Frequency stability also depends on the mechanical rigidity of the resonator
structure. Modulation due to "jitter," the microphonic movement ofcavitymirrors, can be
caused by coolingwater flow, external shock to the resonator structure, and acoustic noise.
Isolation of the resonator from both the plasma tube, through which the cooling water
flows, and the case that surrounds the laser, the source ofother vibrations and helps reduce
jitter.
The mechanical design of the structure also contributes to jitter-free operation. The
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most stable configuration is an arrangement of three resonator members in an equilateral
triangle as shown in Fig. 10A. As one of the angles increases, the resistance to flexure, in a
plane represented by the longest side of the triangle, is reduced. The extreme case, inwhich
all three members lie in the same plane, is the least rigid, its strength coming only from the
members themselves. TheModel 2030 resonator approaches the ideal equilateral triangle.
The graphite rods are enveloped in steel tubes to strengthen the structure and for increased
resistance to flexure.
Spectra-Physics design approaches an equilateral mangle
Orthogonal design is attbject to flexure along this plane.
Fig. 1 0A : The relationship of resonator structural members affects the stability
of laser output
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Conclusion
Several factors influence ion laser output. The optical power can be calculated from
P0 = TAIs{[2cc0iyr+|3]-l}
where T is the output coupler transmission, A is the cross-sectional area of the beam, L, is a
saturation parameter, Oq is the small signal gain, L is the gain length and (5 is the sum ofall
cavity losses.
The transmission of the output coupler should be the greatest of the cavity losses: it
should be greater than the sum of all others. Ideally f3, which is caused by unwanted
absorption, reflection, diffraction and transmission should be zero. Cleanliness ofplasma
tube processing operations, which eliminates contaminants that can find theirway to the
inside surfaces of the windows, is essential to improved ion laser output. Cleanliness of
other cavity elements, including both mirrors, is also important. A sealed cavity with a
closed loop purge system contributes to overall performance. Regular attention to mirrow
and window cleaning can also reduce cavity losses.
The cross-sectional area, and therefore the volume of the gain region can be
increased by enlarging the bore and using a long-radius output coupler as depicted in Fig.
1 1A. The use of long-radius optics requires an extremely rigid resonator structure.
Increasing the mode volume of the cavity while maintaining a constant current density
increases the laser output power.
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Spherical Output Coupler Additional Mode Volume Flat High Reflector
Plasma Tube Bore Short Center ol Curvature Long Center of Curvature
Fig. HA: lengthening the radius of curvature of the output coupler enhances
output by increasing the mode volume of the cavity
(Excerptedfrom A Manual ofHigh Power Ion Laser Spectra-PhysicsModel 2030)
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APPENDIX B
SPECIFICATIONS OF UV/ VISIBLE SPECTROPHOTOMETER
MODEL LAMBDA 4B
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1. Principles
2. Optics
3. Sources
4. Detector
5. Electronics
6. Sample Beam Size
7. Beam Separation
8. Display
9. Wavelength Range
10. Wavelength Accuracy
11. Spectral Bandwidth
12. Wavelength Repeatability
Double beam, ratio recording, UV/Visibl Spectro
photometer. Microcomputer control via a detached
keypad. Compatible with an Epson RX-80, FX-
80+ or FX-85 Printer with a serial RS232C
interface.
All reflecting optical ystem with holographic grating
monochromator. Prealigned tungsten-halogen and
deuterium light source. Side window photomulti-
plier detector. Rotating chopper divides sample and
reference beams focused at the sample and reference
cells, 10 cm apart.
Tungsten-bromide and deuterium lamps. Micro
computer programmed changes. Lamps controlled
independendy via computer.
Side-window photomultiplier.
Microcomputer processes % Transmittance, Ab-
sorptance, Concentration, etc and provides auto
matic control of the wavelength drive mechanism
through a steppermotor.
Approximately 2mmwide by 10mm high.
10 cm
Screen display controlled via keypad
190 - 900 nm
0.3 nm
0.25, 1, 2, 4 nm at 656.1 nm
0.1 nm
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13. Ordinate Modes a. Absorbance: -2.000 to 4.000 A
b. Transmittance: 0.0 to 99.9% T
c. Concentration: Allows for entry ofK-factor or
single Standard.
d. Energy
e. 1st through 4th derivative
14. Photometric Accuracy 0.005 A at 1 A measured with NBS 930 filters
15. Photometric Repeatability 0.001 A at 1 A
16. Response Times All modes ofoperation include "soft" key selection
of Response. The magnitude of Response is
selected by "soft" keys labeled 1-7 having the
maximum filtering.
17. Zero Absorbance
(500 nm, after one hour warm up andwith uninterrupted beams)
<0.005 A per hour, after warm up at 340 nm, 4nm
SBW and Response of 6.
18. Stray Light <0.02% at 220 (NaT), and 340, 370 nm (NaN02)
using ASTM methods. Measured at 2 nm SBW,
Response of 5.
19. Scanning Speeds 5, 20, 60, 100, 300, 480, 750 and x2 nm/min.
GO TO Lambda Speed 1500nm/min.
20. Wavelength Limits 190 - 900 nm Visible range affected by bandwidth
selection.
21. Noise Level <0.0003 A at 500 nm, 0 A, 4 nm SBW, Response
of 6.
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22. Baseline Flatness
23. Ordinate Scale Expansion
24. Humidity
25. Ambient Operating
Temperature Range
26. Power Requirements
27. Dimensions
28. Weight
29. Menu Items
30. Sample Compartment
+0.002 A, 100 or 120 nm/min, 4 nm SBW,
Response of 5, from 200 - 850 nm after
Background Correction.
-9999.9 to 9999.9 in 0.1% T increments, -99.999
to 4.000 A in 0.001 A increments.
15 - 85% Relative
15 to 35 degrees Centigrade
105/210, 117/230, +15%, -10% Vac 50 or 60 Hz,
260 VA
Width: 65 cm (25.5 inches)
Depth: 56 cm (22 inches)
height: 20.5 cm (8 inches)
34 kg (75 pounds)
Scan, Time Drive, Concentration andWavelength
Calibration. Software cartridges allow for addi
tionalmethods.
Sample compartment dimensions are identical to
the Lambda Series instruments and the compart
ment is compatible with all cell holders, mechanical
and motorized accessories and reflectance
accessories.
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Optical Diagram of UV/Visible Spectrophotometer Model LAMBDA 4B
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APPENDIX C
SPECIFICATIONS OF HIGH POWER ION LASER
(SPECTRA-PHYSICS MODEL 2030)
Optical Characteristics
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Noise*: Current Mode
Light Mode
Stabilityb: CurrentMode
LigthMode
Beam Diameter0-*1 at l/e*points
Beam Divergence41 at 514.5 nm
Cavity Length: without prism
with prism
Mode Spacing: without prism
with prism
Polarization:
0.5% rms
0.3% rms
<3.0%
<0.5%
1.65 mm
0.5 mrad
1.71m
1.78 m
87 MHz
84 MHz
> 100:1 vertical
Electrical and Water Requirements
Input Power
Voltage:
Courrent:
Power Consumption:
Water Flow Rate:
Water Pressure:
3 phase with ground
480 V 8%
60A
38 kW
13.3 1/min
(3.5 US gal/min)
3.6 kg/cm2
(50 psig)
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Output Power: Transverse Excitation Mode (TEM00)
Multiline*5
Wavelength (nm) Power (Watts)
333.6 - 363.8 2.0
457.9 - 514.5 20.0
Single Linef
Wavelength (nm)
454.5
457.9
465.8
472.7
476.5
488.0
496.5
501.7
514.5
528.7
Power (Watts)
0.72
1.45
0.80
1.25
2.90
6.50
2.90
1.80
8.50
1.75
Physical Diamesions
Laser Head: Size
Weight
Power Supply: Size
Weight
189.3x24.1x20.1 cm
(74.5 x 9.5 x 7.9 in.)
80 kg (175 lb)
47.6x46.7x91.7 cm
(18.7x18.4x36.0 in.)
68 kg (150 lb)
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a. Performance at 514.5 nm, 10 Hz - 2 MHz, at specified.
b. In any 30 min period after a 2 hrwarm-up.
c. Data for 514.5 nm; at otherwavelengths, assuming no change in optical
configuration, the diameter is given by:
Dia!/Dia2 = [\\/k2]yi
d. Cavity configuration flat high reflector and 8 M radius output coupler.
e. Multiline powers are specified at 457.9 - 514.5 nm only. Other powers indicated are
nominal; firm specifications are available with special testing.
f. Single-line powers are specified at 5 14.5 nm and 488.0 nm Other powers indicated are
nominal; firm specifications are available with special testing.
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APPENDIX D
LASER INTENSITY ON HELL DC-300
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LASER INTENSITY vs. FIBER OPTICS
R OPTIC LASER INTENSITY
(uWatts/cm2)
% INTENSITY
ALL 94.2 100.0
A 16.7 17.3
B 16.7 17.7
C 16.5 17.5
D 14.0 14.9
E 18.0 19.1
F 19.7 20.9
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and cinematographer for the University and Santi Akoka Foundation.
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